Anaerobic ammonium-oxidizing (anammox) bacteria play a key role in the global nitrogen cycle and 6 the treatment of nitrogenous wastewater. These functions are closely related to the unique biophysical 7 structure of anammox bacteria. However, the research on the biophysical ultrastructure of intact 8 anammox bacteria is lacking. In this study, in-situ three-dimensional nondestructive ultrastructure 9 imaging of whole anammox cell was performed using synchrotron soft X-ray nano-computed 10 tomography and the total variation-based simultaneous algebraic reconstruction technique (TV-SART).
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Anammox bacteria purification analysis with fluorescence in situ hybridization
135
The purified anammox bacteria were fixed with ice in 4% paraformaldehyde for 12 h and were then 136 dehydrated in 50%, 80%, and 100% ethanol for 10 min; 1µL of probe Amx368 and 9 μL of hybridization 137 buffer were added to the enriched anammox bacteria in the hybridization wells (32, 33) . The probe 138 Amx368 CCTTTCGGGCATTGCGAA labeled with Cy3 at the 5' end was applied to determine the total 139 anammox bacteria. The hybridization was performed in a hybaid oven at 46 °C for 90 min. The total 140 biomass of the enriched bacteria was stained with 10μL DAPI at 5 μg/ml for 15 min.(34) All operations 141 related to the fluorochromes were conducted in a dark environment to avoid fluorescence quenching.
142
The fluorescence images of the anammox bacteria and total biomass were obtained with a confocal laser 143 scanning microscope (CLSM) (Olympus, FV1200); the excitation wavelength of Cy3 was set at 552 nm 144 and the DAPI dye was set at 488 nm for the CLSM analysis. The ratio of the anammox to the total 145 biomass was determined using Photoshop software. The synchrotron soft X-ray imaging experiment was performed at the BL07W beamline at the National 150 Synchrotron Radiation Laboratory (NSRL) in Hefei, China.(35) The purified anammox bacteria were 151 centrifuged at 5000 g (Eppendorf, 5804R) for 2 min and were re-suspended in deionized water and then 152 diluted to 1-2×10 7 /ml; 0.4 µL of the anammox bacteria suspension was seeded onto 100-mesh carbon-153 film copper grids. The grids with the anammox cells were plunged into a freezer for a few milliseconds 9 to vitrify the anammox cell so that ice crystal contamination and structural damage of the anammox cells 155 were avoided. Subsequently, the cells were rapidly placed into liquid nitrogen to remain vitrified to 156 prevent radiation damage (36). The copper grids with the purified anammox cells were transferred into 157 the vacuum cryogenic chamber of the soft X-ray instrument for imaging; 0.52 Kev photon energy was 158 used to take advantage of the high natural contrast of the organics in the "water window" (37). A visible 159 light microscope and a soft X-ray microscope were coupled to determine the suitable samples. The
160
anammox cells perpendicular to the beamline (at 0° tilt) were the targets for the imaging. The images 161 were acquired at a 2 s exposure time from -65ºto 65º at 1ºintervals, which was achieved by rotating the 
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The anammox bacteria were then fixed in 4% formaldehyde in a phosphate buffer solution on ice 182 overnight. Subsequently, they were dehydrated in graded ethanol (50%, 70%, 80%, 90%, 95% and 100% 183 ethanol). Next, the anammox bacteria were embedded in Epon resin and cut into 70nm thick slices using 184 an ultramicrotome (Leica EM UC7)(10) and the sections were transferred to 100-mesh copper grids for 185 the TEM analysis. The TEM imaging was performed with a HITACHI HT7700 instrument at an 186 accelerating voltage of 100 kV.
188
Morphological characteristics of the anammox bacteria response to Fe 2+
11
Among the environmental conditions affecting anammox bacteria, iron has attracted the most attention.
190
Iron plays a key role in anammox bacteria growth and affects the anammox activity and nitrogen removal 191 capacity. To explore the shape adaptation and mechanism of the anammox bacteria response to different 192 iron conditions, batch tests were performed using 120-ml serum bottles. 2g of the anaerobic granular 193 sludge and 100 ml of the medium were added to the serum bottle. The medium content was the same as 194 the EGSB medium except that the ammonium and nitrite were 100 mg/l and the concentrations of FeSO4 195 were 0, 0.015, 0.03, and 0.06 mM in different serum bottles, respectively. The medium in the serum 196 bottle was aerated with argon for 10 min to ensure that the dissolved oxygen concentration was below 197 0.02 mg/l. The serum bottles were incubated in a shaking bath at 30 °C and 120 rpm. The medium in the 198 serum bottle was changed every 24 hours and the batch tests lasted three months.
200
Results
201
Characteristics of anammox bacteria 202
The anammox granules sampled from the EGSB reactor are shown in Fig 2(a) . The round granules 203 were deep red and the diameter range was 1.2 mm to 6.0 mm. The microbial diversity analysis of the 204 anammox granular sludge at the genus level is shown in Fig 2( anammox cells had about 95% purity based on the Percoll density gradient centrifugation (Fig 2(c) ).
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Although three genera of anammox bacteria were observed in the reactor, these three genera of 209 12 Candidatus Jettenia, Candidatus Brocadia, and Candidatus Kuenenia had similar structural 210 characteristics, including three separate compartments: periplasm, cytoplasm, and anammoxosome.
211
Furthermore, the anammoxosome volume ratio in these three genera accounted for more than 60% of the 212 anammox bacteria volume (11). 
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The soft X-ray absorption of all areas inside the anammox bacteria can be visualized and the grayscale 227 difference is shown in the slice image.
228
To further investigate the interior ultrastructure of the anammox bacteria, the TV-SART (38) anammoxosome, and the nanoparticles were calculated to be 0.326±0.001 μm -1 , 0.389±0.001 μm -1 , and 261 0.460±0.001 μm -1 respectively. The segmentation images of the anammox structure at different rotation 262 angles are shown in Fig 5. The video of the segmentation of the 3D structure is shown in Supplementary   263 Movie 5.
The 3D segmentation structure of the anammox cell showed a distinct asymmetric structure, 264 especially at the rotation angles of 60° and 240° (Fig 5(a) and Fig 5(d) ), which indicated the importance To quantify the anammoxosome volume ratio, anammox cells were reconstructed and statistically 273 analyzed using the Amira software. The ratio of the anammoxosome volume to the anammox bacteria 274 cell volume (A/C) was 47±2.5% ( Fig S3) . This value was much lower than the previously reported 275 volume ratio of 50%-80% with a large average error (11); the value was based on the area ratio of a 276 nanoscale slice in a TEM ultrathin section (11). However, the values of A/C varied widely due to the 277 exocentric anammoxosome structure. To verify the structure of the anammox bacteria, TEM images of 278 the anammox bacteria slices were obtained in this study. Fig S4 (a) , (b), and (c) represent different 279 distributions and sizes of the anammoxosome. The slice in Fig S4 (b) indicates that the anammoxosome 280 organelle account for the majority of the cell volume; however, the slice in Fig S4 (c) shows otherwise 281 although this was not the most extreme case. In fact, some nanoscale slices show no anammoxosome.
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This may result in large differences in the A/C value. In this study, we calculated the volume ratio for 283 the total number of pixels, i.e., the ratio of the volume of the anammoxosome pixels to the number of 
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Thus, the results of the anammoxosome volume ratio obtained by synchrotron soft X-ray imaging is 296 closer to reality than that obtained by TEM. Further, the degree of eccentricity of the intact 297 anammoxosome can be calculated from the synchrotron soft X-ray images but has not been determined 298 from TEM images.
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Morphological analysis of the anammox bacteria response to Fe 2+
300
Iron is abundant in anammox bacteria and plays an important role in the anammox process in the form 301 of free iron, iron-binding proteins, or iron-containing nanoparticles. The shapeshifting and mechanism 302 of the response of the anammox bacteria to iron were investigated in this study. Fig 6(a) shows the 303 average ratio of the anammoxosome volume to the anammox bacteria cell volume (A/C) at 0, 0.015, 0.03, 304 and 0.06 mM FeSO4 respectively. It was evident that the A/C volume ratio decreased with increasing 305 iron concentration from 0 to 0.06 mM. Accordingly, the LAC value changed with the A/C volume ratio 306 ( Fig 6(b) ). In the absence of FeSO4 and in the presence of 0.015 mM FeSO4, the LAC value of the 307 anammoxosome was 0.220 and 0.301 respectively, representing 43% and 23% decreases in the LAC 308 value compared to the control group at 0.03 mM FeSO4. This may be related to two factors; one is the 309 increase in the anammoxosome volume, which, in turn, leads to a decrease in the density of the 
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The LAC value of the anammoxosome is much higher than that of the yeast organelles. 
335
where I 0 is the initial X-ray intensity and I is the output X-ray intensity. μ(x) is the local LAC value, 336 which can be calculated by an iterative reconstruction using the TV-SART algorithm (40). The LAC 337 value was determined based on the mass absorption coefficient and the density of the composition, as 338 defined in the following equation (2):
where μ is the LAC, μm is the mass absorption coefficient, and ρ is the density of the composition.
341
Therefore, an area with a high LAC value is an area with a high mass absorption coefficient or high . Scalindua sp. and K. stuttgartiensis can use iron and manganese oxides as electron acceptors and 362 K. stuttgartiensis respires nitrate using iron as an electron donor (48, 49) . In addition, these iron-binding 363 cytochromes play an important role in electron transfer (46) and the oxidation-reduction process (47) in 364 23 the energy metabolism of anammox bacteria. Finally, another interesting form of iron, i.e., iron-365 containing electron-dense nanoparticles was reported in the anammoxosome (10, 47). These 366 nanoparticles are relatively abundant in iron and phosphorus (10). Thus, it is probable that the anammox 367 bacteria adapt to an iron-limited environment by increasing the anammoxosome volume ratio to be able 368 to absorb more iron. This shapes adaptation mechanism is similar to that of the Mn-oxidizing bacteria
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Halomonas meridiana and Marinobacter algicola, which adapt to Mn(II))-induced stress by increasing 370 the cell length and volume to achieve better Mn (II) oxidizing ability (21). This shapeshifting 371 phenomenon indicates a sensitivity and dependence of anammox bacteria to iron. In future studies, we 372 will investigate this mechanism of iron regulation in the anammox process in more detail.
374
Conclusion
375
Synchrotron soft X-ray nano-CT imaging coupled with TV-SART algorithm resulted in a 376 breakthrough in intact anammox bacteria morphology research. This novel method provided high-
377
contrast and high-resolution 3D images of the whole anammox bacteria cell in its natural state. The
378
ultrastructure of the anammox bacteria was imaged and the linear absorption coefficient, anammoxosome 379 volume ratio, and eccentricity were quantified. On this basis, the shape adaptation and mechanism of the 380 anammox bacteria responses to Fe 2+ were explored. Synchrotron soft X-ray nano-CT imaging technology 
